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Novel Glutaredoxin Gene in Soybean Responds to Aluminum in Soil
VV',..."V'r'.VV'r"'IA./-.., .. I,"'"' have
been with cancer and other
neural degenerative diseases (Grant,
2001). Additionally, organisms must
contend with the challenge of oxidative
stresses produced environmental
toxins. Disulfide oxidation-reduction is
a universal mechanism by which cells
mediate oxidative stress. In these
systems electrons are transferred from
reduced cysteines to toxic oxidants,
thus rendering them incapable of
participating in damaging reactions
(Lozano et al., 1994). Thioredoxin,
glutaredoxin, and glutathione are key
molecules that regulate oxidation and
reduction in cells. Glutaredoxin
catalyzes the reduction of disulfides in
eukaryotes and is involved in actively
scavenging free radicals in
animals and virus (Minakuchi et al.,
1994). In both thioredoxin and
glutaredoxin a dithiol is formed
between the cysteines of the enzyme's
active site after the target molecule is
reduced. In thioredoxin the active site
dithiol is subsequently reduced by
thioredoxin reductase using electrons
from NADPH (Sha et al., 1997). The
enzyme glutaredoxin, which functions
in a manner similar to thioredoxin, is
reconstituted by the tripeptide
glutathione, which in turn is reduced
from NADPH (Sha et 1997).
Glutaredoxins in plants have only
recently been described. The first
glutaredoxin sequence identified in
plants was the eDNA cloned from rice
seed aleurone, which is a tissue prone
to oxidative damage (Minakuchi, et al.,
1994). Sha et al. (1997) subsequently
All '""V'rrr"l Y\, ,...,..Y\,...
of ",'<7",rh ...,.,Y\ rr
metabolism oxygen free
.... \A ............ '.AA •. v, which contain " ............. ,... .. ."..,..,.;-1
electrons. Free radicals have the to
to add or remove electrons from
a novel alllt~~~nnIVln
sequence analysis indicates that it is highly
similar to otherplantglutaredoxin
We grew soybean seedlings in soils
containing 0, 20, and 50 mM Alel3 to
examine the effect of high levels of Al on
plantgrowth and on glutaredoxin gene
expression. Soybean seedling height and
leaf mass varied inversely with the level of
aluminum in the soil. Glutaredoxin mRNA
levels increased in roots and stems as the
level of soil aluminum increased, with the
greatest increase seen in the stems. The
level of mRNA in the leaves did not
change. Glutaredoxin may thus function to
detoxify aluminum absorbed into soybean.
Enhanced glutaredoxin activity may have
a potential role in phytoremediation.
ABSTRACT
Oxidative stress by aerobic
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is a cause of to
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stress.
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In research rI Dr'r-~ I-.DrI
further characterize
eDNA clone ~rlDY"\bi-~DrI
Sequence Analysis of MH3 soybean
cDNA clone
The sequence for the MH3 clone isolated
from a soybean eDNA library
was determined elsewhere (Stephenson
MATERIALS AND METHODS
Plant materials and growth conditions
were Glycine max
[L] Merr. Cv Wye, a non-nodulating
cultivar of soybean. Seed was collected
December 1992 State
and was stored at 4°C prior
to planting. All plants were grown at
25°C day/18°C night temperatures in a
Percival controlled-environment
chamber with day lengths of 18 hand
night 6 h. Seeds were planted in 4 inch
pots utilizing Greenthumb (LaPorte, In)
commercial potting soil mixture (1 part
peat: 1 perlite: 5 parts potting
soil). Al was added to the soil as the
chloride salt (AICI3) , prepared at 0, 20,
and 50 mM concentrations. 200 mL of
the Al solution was added to each pot
at and allowed to fully absorb
into the soil. Plants were grown for ten
days and the roots, stems, and primary
leaves were collected separately Height
was measured from soil to primary leaf
node, and primary leaf mass (fresh
was measured. Tissues were
excised with a razor, then immediately
flash-frozen in liquid nitrogen and
stored at -70°C.
Y"\"~~T~r-~~ 1,,~I-xT Y"\h-XTt-r'TrY"T~r- in
below 4.5. of
rrTr,~1 rirrTI rI D are acidic and Al is thus a
source of soil
(Matsumoto, 2000). Al confers its toxic
effects several mechanisms.
Al may bind to membrane
I--'.L.L'VJI-J.L.L'-J.L.LI-J.L\.AJ, -.-.r,t-r\~'.rl,..,." r'<' the movement
of cations and the movement
of anions to the membrane
Matsumoto (2000) has proposed
that Al ions are transported ~.L.L.L 'J '-"J-•.L.L
plasma membranes or
via carrier transport mechanisms
'~"'-Tr.I'r-r...-~,rY Co. or channels.
Additionally Silvaet 0.1. (2001) proposed
Co. or possess ameliorative properties,
perhaps competing with Al and
that by pre...treating plants with
production is induced and Al
reduced. Upon entry into the cytosol Al
ions with their large are
attracted to the negatively charged
phosphates of the DNA within the cell
nucleus and bind there with the DNA
(Matsumoto, 2000). Kochian (1995)
proposed that Al may thus inhibit cell
division and root cell elongation.
'~rrrn--nc'YY'lC' have evolved diverse
mechanisms to respond to toxic levels of
AI. Exclusion mechanisms are one way
that plants avoid Al Plants exude
organic acids such citrate, oxalate, or
malate in order to keep Al from D-n1-D1"'1-n IT
the roots (Kochian, 1995). Richards et 0.1.
(1998) confirmed that some genes in
~"rn n /"'\Y"\r'~ C' thaliana to both
oxidative and Al stress. Ezaki et 0.1.
(2000) proposed that there are common
mechanisms that mediate Al toxicity and
oxidative stress.
V.L.LIA.LIA.Vl-'-_.L.Lk-_v\.A a
f'...Ll-.. l- ........Lv'-"-'-JL"-.L.L.L enzyme in sieve-tube
exudates from Ricincus communis
and that
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Land Heftye M, unpublished data).
This sequence was imported into
Biology Workbench
(http://workbench.sdsc.edu) of the San
Diego Supercomputer Center
Diego, The was com-
pared to other and protein
J"-'''-I \..-I,"-'.L.L"-''''~J in using
ALIGN algo-
rithm was used
isons, CLUSTALW multiple
sequence alignments, and PROSEARCH
for pattern searches. Default settings
were accepted in all cases.
Extraction of Total RNA
Total RNA was extracted from frozen
tissue using GITC (guanidine isothio-
cyanate) to denature the RNA and inac-
tivate RNases. The components for the
extraction were from the RNeasy Plant
Mini Kit (Qiagen Inc., Valencia, CA),
and the detailed protocol followed the
manufacturer's instructions. 100 mg of
sample tissue at -70 DC was ground in
liquid nitrogen to a fine powder using a
mortar and pestle, then immediately
transferred to a prepared volume of
extraction buffer. After vortexing,
coarse filtering, and centrifugation, the
RNA in the supernatent was bound to a
silica membrane in the spin column
supplied by the manufacturer. The
membrane was subsequently washed
and the total RNA eluted with 50pL
H20 . RNA solutions were stored at
-20 DC. The concentration of RNA was
determined by spectrophotometer
(Perkin-Elmer) .
RNA Gel Analysis
Precautions were taken to limit RNases
in all RNA work; work areas were
wiped down with RNase Away
(Molecular BioProducts, San Diego,
CA), solutions were prepared especially
for RNA use with DEPC-treated H20 ,
and glass and metal items were baked.
For gel analysis the apparatus, combs,
and dams were rinsed in 3% H20 2 then
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rinsed with DEPC-treated 1%
denaturing were prepared
with MOPS buffer and formaldehyde.
The gel was run in MOPS buffer
pared with H20 and the
gel was at 50 V for 10 min.
RNA were compiled with 7.25
pL RNA pLI0X MOPS
buffer, formaldehyde, and
12.50 pL formamide. RNA samples
were incubated at for ten min ..
utes, then 2 ul, of RNA Load Buffer was
added. The RNA samples were run at
50 V for five hours, the gel was stained
in ethidium bromide for 50 min and
destained for 18 h.
Reverse Transcription
1 pg of total RNA was reverse tran-
scribed and the second strand synthe-
sized using Omniscript Reverse
Transcriptase (Qiagen) according to
manufacturers instructions. Ambion
(Austin, TX) supplied the oligo [dT]
primers used at a final concentration of
1 pM. Ambion RNase inhibitor was
used at a final concentration of 20 pM.
Polymerase Chain Reaction (peR)
3 ul. of the reverse transcription reac-
tion provided the template for PCR.
Oligonucleotide sequence design was
facilitated by PCR PRIMER3
(Whitehead Institute, MIT) design soft-
ware available on Biology Workbench.
Primers were synthesized by Bio-
Synthesis Inc. (Lewisville, TX), diluted
in nano-pure H20 , and stored at -20 DC.
The sequence of the forward primer
was 5' (ATATCGAAGATGGCTCTGCC)
3' and the reverse primer 5'
(GTCCAGGGTCTTTGATTACAC) 3'.
The cDNA template derived from
reverse transcription was amplified
using HotStarTaq DNA Polymerase
(Qiagen) according to manufacturer's
instructions. Each 50 ul, reaction con-
tained 3 ul, of the RT reaction and 0.2
pmol each primer. Sigma (St. Louis,
MO) supplied the dNTPs. Amplification
was carried out in a Perkin-Elmer
GeneAmp 9600 The
"Y'\"-"'''"Y'l("\Dt-01'''C' were activation of
the at 95°C for 15 min,
denaturation at for 45 sec,
annealing at for 45 sec, extension
at for 90 sec and a final ,..,. -e ,-f-,..,...--..,-", .............
at min. PCR product was
stored at
Gel Analysis of peR-amplified DNA
Separation and visualization of the
PCR-amplified DNA was accomplished
by standard agarose gel electrophoresis
in a 1.5% gel and by staining with
ethidium bromide. Sigma Techware gel
boxes were utilized. Samples containing
20 ul, of the PCR reaction + 5 ul, of
lOX load buffer (Gibco-BRL) were
loaded into the gel. The gel was run at
150 V constant for 60 min, stained in
ethidium bromide for 15 min, and
destained in H20 . Ethidiurn bromide-
stained gels were photographed on a
UV transluminator and the images
scanned to a computer. The DNA
bands were quantitated for size and
intensity using NIH IMAGE 1.62 soft-
ware (National Institutes of Health).
RESULTS
Characterization of soybean glutare-
doxin eDNA.
The putative glutaredoxin clone
described here was initially isolated
from a soybean cDNA library prepared
from seedling primary leaves, and its
sequence was determined (Stephenson
Land Heftye M, unpublished data). We
subsequently analyzed the sequence
using software available on Biology
Workbench. The eDNA is 572
nucleotides long and contains a com-
plete open reading frame (ORF) of 321
nucleotides (Fig. 1). The ORF codes for
a putative protein sequence of 107
amino acids and 11.3 kDa. A pairwise
sequence analysis indicated that the
ORF sequence shares 71% similarity to
a rice glutaredoxin eDNA and 72 %
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oxidation-reduction are one
mechanism to mediate stress, and one
enzyme, is of particular
interest. Glutaredoxin
oxidation-reduction reactions, and
inactivate toxic
cells et al., 1994;
Halliwell, Al is one element that
can be toxic to at high
and is common in the
environment (Matsumoto, 2000).
Studies have that some of
this may be a function of
oxidative stress (Richards et al., 1998;
Ezaki et al., 2000). In the experiments
described here we investigated how
soybean seedlings respond to Al in the
soil and whether this novel putative
soybean glutaredoxin gene would be
expressed in response to AI.
Glutaredoxin or its transcripts have
been found in a of plant organs
in the few plant examples known to
date- the seed aleurone of rice
(Minakuchi et al., 1994), vascular
tissue of the castor bean (Szederkenyi
et al. 1997), spinachleaves (Morell et
al., 1995), and young tomato fruit
(Chevalier et al., 1999). We thus
hypothesized that the soybean
glutaredoxin gene would function in a
manner similar to known glutaredoxin
genes and would be expressed
differentially in the organs of the
soybean. Our soybean glutaredoxin
eDNA exhibits characteristics that are
consistent with other glutaredoxin
genes in plants. This sequence contains
the highly conserved Cys-Pro-Phe-Cys
active site found in tomato (Chevalier
et al., 1999) and Arabidopsis
(Tresmousaygue et al., 1997). This
tetra- peptide active site has one
variation, Cys-Pro-Tyr-Cys, that is
found in castor bean (Szederkenyi et
al., 1997), rice (Minakuchi et al.,
1994), and tung (Tang et al., 1998).
However no differences have been
observed in substrate affinity and
Glutaredoxin gene expression in
soybean seedlings grown in varying
levels of soil AI.
Examination of r'r>.'-7-h~r."Y'\
with
that crnrhc>'lTI
of Al
l"Y'\"'I:Tr>. hT~r-l in mediation
.nJV'H__ l.U' rJ'"'I/yy·'rlY"l/....~ to order to
examine question we measured the
accumulation of the glutaredoxin
transcript in the roots, stems, and leaves
of in soils containing
0, 20, 50 mM After 10 days we
harvested the isolated total
reverse transcribed the mRNA, and
amplified the resulting glutaredoxin
eDNA sequence using PCR. Gel
electrophoresis of the PCR products
revealed that glutaredoxin is expressed
differentially in different organs, in
response to varying levels of Al toxicity
4). In the control plants the
glutaredoxin expressed in the roots and
stems was much lower than that of
glutaredoxin expressed in the leaves. The
glutaredoxin transcript levels from
seedlings grown in soil containing 20 mM
AICl 3 and 50 mM AICl 3 increased
mightily. Optical densitometry
demonstrated that glutaredoxin transcript
increased 2-fold in the roots of plants
grown in soil containing 20 mM AICl3
and 2.6-fold in plants grown in soil
containing 50 mM AICl3 (Fig. 5). In the
stems glutaredoxin transcript increased
7.7-Ioldin plants grown in soil containing
20 mM AICl3 and nearly 8-fold in plants
grown in soil containing 50 mM AICl3
5). Glutaredoxin transcript
accumulated in leaves at a consistently
high level, which varied only slightly in
a, '-'vl--"'--" .........J'-' to AICl3 5).
DISCUSSION
Oxidative stress, either generated from
within metabolism or inflicted
the environment, is a challenge that
must be met by all organisms. Disulfide
Growth response
"U-::II't",rlr&lT levels of soil AI.
Plants to toxic levels of metals
in soils at both the and
molecular levels To
examine the affect of Al in soil on the
of C'f'\"'I:7cnDrlY"l
'--''--'--'-4.L.u" ....>-,'--' in 0, 100, and 200
Plants grown in 200 mM
did not plants grown
in 100 mM germinated at a 75°1b
rate, but remained stunted and had not
~'-" II '-".L,.JIJ ....'~ r\¥'lTI1'll""{r leaves after 10 days.
with 0, 20, and
1000ib germina-
grown in 0,
and 50 mM were measured
(from soil to primary leaf
and the fresh mass of
'Y'\V"l"YV"l/lV""'I:T leaves was recorded. Control
in 0 mM AICl3 reached
and had broader
leaves and roots than
grown in 20 or 50 mM 3).
The leaves of the control plants
had the mean mass, 119 mg
mg to 118 mg
(± 16 mg and 96 mg mg SD)
for leaves from grown in 20
mM and 50 mM AICl3 respec-
Control plants the
with mean height of 18.3 em
(± 3.8 em grown in soil
had a mean
em and
in 50 mM had a
of 13.0 em (± 1.5 em
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contaminants to non-hazardous forms
et 1997). Enhanced
C>-V-Y",\Y'O(:'C1F\Y"l could be
that would have the
V-l-Vl--\\...-,"_\.-I.-l-Jl-l-\.-I.~_l--\l..\...- Al or other
to
!-"V-l--l-\.-I.l..,w,-l--l-\-....,. Upon harvesting,
contaminated plants could be
\.A.\",-'~VLl-l-I---"J""'''''''·'-l and making
the metals available for recycling
(Weatherford et 1997).
A better understanding of soybean
~-l-\.A.l..l--\-l-\...-\.A.'VL)"'-l--l--l- will emerge as research
explores boundaries of this gene and its
products. We will further
investigate the parameters of soybean
glutaredoxin expression, varying the
of Al available to the plants
within the soil and extending the time
course to maturity. We will verify that
expression of this gene leads to an
active glutaredoxin enzyme and attempt
to localize glutaredoxin activity to
specific plant tissues.
r'"Y"\r~0'+'0,t-",{T between the two variants
''"7l::>ric'Y'ITc>rn,T1 et al.,
We examined the roots, stems, and
leaves of r'f'\"'{Thl::'roY'l rDr::>rt 1'1rl rv c:
soil treated with 0,
and we have ri c>c:,rY'l ho·ri
differential gene response, !-"l--\-l-l..-l-\...-\.-I.-l-l--\-l--l-
in the roots and stems. The D'<T,... V'r::>rrr>.rt
the roots and stems when compared
with the control, which is consistent
with what is known about Al
(Matsumoto, 2000). Because Al is
to have toxic effects within the
roots of plants (Kochian, 1995), an
active gene alone
or in conjunction with other
systems in the plant roots is
consistent with the need to neutralize
toxic levels of Al where they have their
strongest effect (Kochian, 199 5 ~
Matsumoto, 2000). Additionally,
glutaredoxin may be involved in
neutralizing toxic Al compounds within
the vascular tissue of soybean plants,
thereby further limiting the potential
for damage that could be done to the
whole plant by toxic compounds that
escape controls at the root level.
Szederkenyi et al. (1997) characterized
glutaredoxin enzyme from castor bean
phloem and have speculated that
glutaredoxin prevents oxidative damage
in vascular tissue. Our data is thus
consistent with their results. We have
observed that the expression of the
glutaredoxin in soybean leaves is
high regardless of level of soil AI. The
consistently high levels of glutaredoxin
in seedling leaves suggest a multi-
functional role for glutaredoxin within
the soybean plant. Glutaredoxin may
function as part of a general
maintenance, metabolic or other system
within the leaves of seedlings.
The exploration of an enhanced
glutaredoxin gene in plants might also
develop into the tantalizing possibility
of phytoremediation, using plants to
stabilize, collect, or chemically
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GGCACGAGAAAAAAGGTTTTAGATCGTAAAAACTAATCACTACGAAAACAAG 1
TCG TCC AAT TGG GTC
ser ser asn ser val
AGATATCGAAG ATG GCT CTG CCC AAA GCT AAG GAG ATC GTG 53
met ala leu pro lys ala ly5 glu ile val 1
GTG GTT TTG AGC AAA AGC TAT
val val phe ser lys thr tyr
GTC GAT GTG AAG AAG GTC TTC
val asp val lys lys leu phe
109
16
GGT GAC CTC GGT GGC AAT
gly asp leu gly ala asn
TAC AAG GGe ATC GAA CTG GAG ACT GAA TCC GAT GGA 163
tyr lys ala glu leu asp thr glu ser asp 34
AAA GAG CTC GAA GCA GCA TTA GTT GAG TGG ACG GAC GAG CGA AGG GTG GCT AAT 217
lys g1y leu gIn ala ala leu val g1u trp thr asp g1n arg thr val pro asn 52
GTG TTT ATT GGT GGA AAC CAG ATT GGT GGC TGT GAC TCA ACA ACT GeC CTG CAC
val phe ile gly gly asn his ile gly gly cys asp ser thr thr ala leu his
ACT CAG GGG AAG CTG GTT CCT CTG CTG ATA TCT GCT GGA GCT GTT GCC AM TCA
thr gIn gly lys leu val pro leu leu ile ser ala gly ala val ala lys ser
271
70
325
88
ACT GCT TAA AGGATCTCCCATTTCTAGGTTATGCAGTTAMTAAAAATAAAAACCCAAGTAGTTGGGTC 379
thr ala *** 104
GGTCCATATATAATTCAGGTCGAAACTAATGTGTGTATTCCTGTGTGATTCTCTTTAAACTACAACTCTGTC 448
AAACAAGTCTATTGCTGAATGAAGTTATTTTTGTTTAAAAAAAAAAAAAAA 535
Figure 1. DNA and deduced amino acid sequences of soybean glutaredoxin. The DNA sequence of soybean glutaredoxin is shown in capital
letters. The deduced amino acid sequence of the open reading frame is given in three letter code, the start and stop codons are in bold. The putative
soybean glutaredoxin active site is the shaded region. A putative phosphorylation site is highlighted in gray and a putative myristoylation site is in
italicized. Sequence primers for the PCR reaction are underlined.
Arabidopsis
Soybean GR
Rice
MALAKAKETVASAPVVVYSKSyCPFCVRVKKLFGQLGATFKAIELDGESD
MALPKAKEIVSSNSVVVFSKTyCPFCVDVKKLFGDLGANYKAIELDTESD
MAJ:v1QKAKE IVNSESVVVFSKTyCPYCVRVKELLQQLGAKFKAVELDTESD
Arabidopsis
Soybean
Rice
GSELQSALAEWTGQRTVPNVFINGKHIGGCDDTLALNNEGKLVPLLTEAG
GKELQAALVEWTDQRTVPNVFIGGNHIGGCDSTTALHTQGKLVPLLISAG
GSQIQSGLAEWTGQRTVPNVFIGGNHIGGCDATSNLHKDGKLVPLLTEAG
Arabidopsis
Soybean
Rice
AIASSAKTTITA
AVAKSTA-----
AIAGKTATTSA-
Figure 2. Multiple sequence alignment of soybean glutaredoxin open reading frame. Comparison of soybean glutaredoxin to rice and Arabidobsis
thaliana using FASTA. Identical amino acids are indicated by the bold font, and the putative active site is in a larger font. The soybean glutaredoxin ORF
sequence shares 71% similarity to a rice glutaredoxin and 72% similarity to Arabidopsis thaliana glutaredoxin amino acid sequences.
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Masso.f Pri.maryL..eaves c;rowo at 10 Days
Concentration of Aluminum Chloride in Soil
a
Height of Soybean Plants at 10 Days
Concentration of Aluminum Chloride in SoU
b
Fig-ure 3. Growth response of soybean seedlings to differing levels of soil aluminum. Soybean plants were grown for 10 d in soil containing 0,
20, or 50 mM AICI3. Mass (fresh weight) was recorded for primary leaves. Height was measured from soil to the primary leaf node.
500 nt r>
400 nt-+-
Figure 4. Gene response to varying levels of Aluminum toxicity in soil. After soybean plants were grown for 10 days they were harvested for
experimental use. Leaves, stems, and roots were excised with a razor and then reagents were used to extract mRNA. The PCR amplified DNA was
stained with ethidium bromide, and run through an agarose gel. Pictured above is a size ladder, followed by the PCR product. Lanes 1-3 contain
glutaredoxin cDNA from leaf tissue, lanes 4-6 contain cDNA from stem tissue, and lanes 7-9 contain cDNA from the roots of the soybean plants.
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Figure 5. Quantitation of glutaredoxin gene response to differing levels of soil aluminum. The agarose gel of DNA
described in Fig. 4 was photographed on a UV transluminator, the image scanned to a computer, and band intensities determined by optical densitometrv
Bars represent total pixels in each band.
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